Abstract
Introduction
In 1999, a new NSERC chair program was created in Design Engineering. The NSERC Design Chair Group has undertaken an initiative to develop a definition of the Engineering Design Competency from which universities may draw inspiration in the design of new and innovative engineering education programs. In response to various factors including particularly a demand by the business and engineering communities for enhanced design competencies in graduating engineers, there is a trend in engineering accreditation towards "outcomes-based" assessments and the integrated engineering design curriculum.
Under outcomes-based criteria, engineering programs must demonstrate that their graduates have an ability to apply knowledge of mathematics, sciences and engineering. This incorporates the evaluation of design competencies such as, for example, the ability to design and conduct experiments, and the ability to design a system, component, or process to meet desired needs. Traditionally, quality in engineering education has been achieved by providing high quality instruction, excellent lab facilities, and relevant tutorials and assignments.
However, the engineering design competency cannot easily be developed in the traditional classroom setting. Various approaches are currently being adopted by universities in engineering design education including innovative strategies for engineering design content within individual degrees, employing interdisciplinary approaches, and projectbased learning. To further improve engineering design competency in graduates, a number of issues and challenges must be addressed which may touch the very foundation of university traditions. These include such factors as the current university reward systems, academic programs development and approval processes, traditional engineering education models, engineering accreditation requirements and processes, and the academic culture in Canadian engineering schools. New thinking towards engineering education as well as research and innovation are essential in order to evolve Canadian engineering education to a new model that will produce engineering graduates who are designready and confident in their ability to innovate. This paper is an abbreviated version of a white paper entitled The Engineering Design Competency prepared by the NSERC Chairs in Design Engineering.
Engineering Design: Under outcomes based criteria, engineering design has been emphasized as a key component by accreditation organizations. CEAB specifies the minimum of 225 academic units for engineering design, and expects that Faculty teaching engineering science as well as engineering design to be registered professional engineers. Internationalization: Globalization has been an important phenomenon in engineering professions, as marked by mobility of practicing engineers and students across the borders of countries. International agreements on engineering education, accreditation and practice have thus been developed. One of the first agreements was signed in 1980 by the CEAB and the Engineering Accreditation Commission (EAC) of the United States, where the two parties mutually recognize graduates of all engineering programs accredited by each party. New and Innovative Engineering Programs: Rapid development in technology has led to formation of numerous new engineering disciplines. Accreditation organizations have responded to these needs of the engineering community by accrediting new programs. Examples that have been accredited during the past couple of decades include computer engineering, geomatic engineering, oil and gas engineering, software engineering and environmental engineering.
Partnerships in Education:
Interactions and partnerships between engineering educational institutes and outside stakeholders such as engineering organizations and associations, and industry and businesses have been rapidly developed and strengthened in recent years. Partnerships in engineering education have been ongoing in two areas:
• providing engineering students with real-world practical experience as an integral part of their academic program, and • inviting "outsiders" from engineering and business communities into the advisory and decisionmaking bodies controlling the engineering curriculum. These activities triggered changes in curricula leading to the development of new means of delivery of engineering education, accelerated the emphasis in engineering design and project-based learning, and promoted the inclusion of "soft skills" such as communications and team work.
Strategic Issues in Engineering and Engineering Design Education
Tomorrow's engineers must cope with problems and challenges significantly different from their predecessors. In the following points, some specific strategic decisions related to Engineering Education are discussed that must be addressed in the coming years.
Program Structure by Discipline and Subject
Canada's Innovation Strategy (Government of Canada 2002) points to the "need to encourage cross-training and a multidisciplinary approach, in order to build capacity among MBAs and engineers for the commercialization of these new technologies". The new technologies referred to were environmental and green energy, but the statement could equally apply to any innovative technology. "The last half or more of the 20th century … has found that the world of practical applications is increasingly crossdisciplinary, and even more rapidly becoming interdisciplinary. The integration across fields in the world of practical applications is often delayed until the engineer has moved into a job rather than being part of his or her university education. Universities should move to meet their obligations to students and to society need to move toward true interdisciplinarity" (Coates 2000) . The need for true interdisciplinarity programs is driven by increased local and global competitiveness, both because industry is rewarded for getting to market first (first-mover advantage) and because markets are no longer defined geographically. To meet this need, product realization has become a more concurrent and less linear process in most companies, requiring a large variety of skills on the part of the design team. In addition, the rate of employment and innovation is now greatest in small to medium sized enterprises. These organizations require employees to have considerable familiarity with all aspects of the design. Canadian universities and engineering faculties must continue to identify these market trends and create interdisciplinary programs and training opportunities which respond to our evolving needs.
Engineering Curriculum Renewal with Technology Changes and Knowledge Growth
The short-and long-term needs of engineering students and employers are often in conflict. If engineering education is to make students maximally employable in the short term, it would risk delivering training for the latest CAD software or the use of a particular instrument or process, rather than emphasizing a sound understanding of the principles on which these tools are based. However, to ignore the latest technology, the latest software or the latest code/regulatory changes leads to graduates that are out of step with the practice of engineering. The rapid pace of knowledge growth in engineering presents a motivation for increased specialization within engineering curricula. Curriculum renewal continues to be faced with adding content to reflect new fields and new technologies, however for every addition, some content must be removed.
Continuity in Design Education
Most Canadian engineering schools have a first year design course and a final year capstone design sequence including design project. In the first year course, students tackle a relatively simple problem with considerable assistance from teaching assistants and faculty members. The capstone design sequence is based on open-ended projects offered by industry and/or faculty members. Each group of students typically undertakes a different project with the result that the ability to learn from each other is minimized. In this model, students can become frustrated as their design skills have not progressed sufficiently to handle the degree of open-endedness of an industry project. Alternatively, a number of engineering schools offer a "continuum of design" throughout the curriculum. Harvey Mudd College (Bright 1999 ) has been offering a sequence of design courses for approximately 40 years, and a number of Canadian engineering schools now offer a continuum of design courses (e.g., University of Guelph in all programs, University of Manitoba in Biosystems Engineering, University of Sherbrooke in several departments, and Electrical and Computer Engineering at Dalhousie University). Providing a design continuum is critical, however requires significant cooperation between departments. The problems associated with ensuring extensive collaboration between faculty members with the requisite expertise are exacerbated by timetabling, resource allocation, space, and registration issues.
Design Facilities
Team-based design and design in general relies on a different mix of educational space than engineering science courses. Design studios, shop (machine or equivalent), storage space, advanced software, and large-format printers are just some of the unique needs. Design studios in particular are not commonly found in engineering schools in Canada, although some schools have developed them. In particular, the University of Western Ontario has developed studio-based design (Thompson, 2001 ), Queen's University has the Integrated Learning Centre (Integrated Learning Center, 2004) , and the Mechanical Engineering Departments at Sherbrooke University and the University of Calgary have created considerable design facilities and spaces for undergraduate students.
Faculty Renewal
In Germany, 10 to 15 years of industry experience was the rule until recently (Altan, 2003) . Some schools have implemented proactive programs to engage faculty and students with industry (Denton 2003 ) so as to make faculty more familiar with the modern manufacturing environment and to keep faculty technically current. Approximately one-third of the Canadian university engineering faculty in tenured or tenure-track positions are over the age of 50 and thus retiring within the next 15 years (CCPE 2003) . The significant faculty renewal that is now underway in Canada presents an opportunity for innovation and advancement in engineering education while at the same time presents some risks. Tenure, promotion and compensation policies play a critical role in shaping the activities and priorities of all faculty, and are especially important for new faculty. An opportunity exists to reward interaction with industry, attract expertise from industry, and to restructure some courses to better reflect the teamwork, communication and collaboration skills that are needed by industry and society (EEIC 1997 , Denton 1997 , Bell 2000 , Grinter 1955 ). For example, engineering design teaching is recognized as requiring considerably more time for course development, project selection and student consultation. Course loads for team-taught engineering design courses must be computed appropriately so as to recognize the extra effort required for developing and delivering these courses. The Macleans Magazine "Ranking Canadian Universities" (www.macleans.ca) has grown in influence and attention on many campuses. In faculty terms, measurement focuses on the percentage with PhD's and funding from the major granting councils. Additional important measures for engineering might include such things as industrial experience, P.Eng status, and collaboration/funding relationships with industry.
Back to Basics
Engineering Design is iterative, creative, at times both analytic and synthetic, incorporates elements of problem-solving, and incorporates intuitive as well as heuristic methodologies. Design is decision-based and goal-directed; designers are presented with problems motivated by human need, related to products, processes, materials and systems of all kinds, and bring to bear rational tools and imagination in methodologies developing optimal solutions (Covo 2003 In addition to theoretical and technical knowledge, effective professional practice requires reflective and practical knowledge and competencies for dealing with problems in the indeterminate zones of practice, that is, the areas that do not yield to technical or familiar solutions. These competencies are critically important to the education and development of professionals in the climate of rapid technological, cultural and economic change. A number of researchers in the field of professionalism and skills, such as Le Boterf (2002) , share this broadened vision of the profession.
The Engineering Design Competency
A Competent Design Engineer A review of the literature offers many descriptions of professional engineering competencies in general. But what does it say about the design engineer? Is there a definitive list of skills, personality traits, behavior, and a body of knowledge that sets design engineers apart from other engineering practitioners? North American educators typically approach design as a subset of skills for all engineers. However based on industrial demand (Frise 2002) , there are too few institutions that train engineers with explicit design competency. Many engineering educators believe that students should understand how to generate design specifications and how to proceed from design specifications to a final artifact by establishing objectives and criteria, generating alternatives, synthesizing, analyzing, constructing, testing, and evaluating (Sheppard 1999) .
Established Skills for Design Engineers
This review examines the skills that set design engineers apart from other engineering practitioners.
Technical Skills
There is little apparent concern over the level of competency amongst design engineers in math, basic sciences and engineering sciences (Eggert 2002 , Frise 2003 , CCPE 2001a , although graduates have trouble applying those skills to proper technical design analysis (Dempster 2001) . Experience and "Know-how" Above all other skill-level considerations, design engineers require some level of hands-on competency in the use of tools or processes relevant to their field (Frise 2002 , Bell 2000 , Eggert 2002 , Frise 2003 , Hubka 1992 , Evatt 2001 , CCPE 2001a . These skills are lacking among North American engineering graduates, based on the frequency with which this issue appears in the literature. Where design engineering skills have been identified as separate from typical engineering science, there is a recurring principle of learning-by-doing (Hubka 1992) . Experiential competency is defined as an innate ability and as a "set of instincts about the likely consequences of certain choices which every professional faces every day" (Frise 2003) .
Specific Design Activities
Industry and academe cite a wide range of preferences in formal design methodologies. While each industry segment has its particular methods, design engineers should able to implement the following:
• Methods and rules for the larger design process including Design for X (Frise 2002 , Eggert 2002 , Bajaj 2002 , Oakley 1990 , Boothroyd 1994 , Boothroyd 2001 , Fu 2000 , Gattiker 2003 ), identification of constraints and needs such as QFD (Eggert 2002 , Radcliffe 1994 , quality control processes such as Six Sigma or TQM (Frise 2002 , Eggert 2002 , and use of project management structures (Frise 2002 (Eggert 2002 , Tolf 2003 .
Attitudes Toward Design Engineering
Professional attitude is widely cited as a key competency for engineers in general along with the ability to adapt to changes in circumstances (Frise 2002 , Wisler 2003 . Design engineering practice suffers from varying attitudinal pathologies. "NotInvented-Here" attitudes (Wisler 2003) , confusion of originality with creativity (Thomas 2000) , notions of design as an individual activity (Thomas 2000) , and unwillingness to leverage the knowledge of technicians or tradesmen (Eggert 2002 ) are recurring problems amongst new graduates of university engineering programs.
Business Skills
Recent literature suggests novice engineers require at least an introductory familiarity with business issues. These skills are identified as pertinent to all engineers, and not just design engineers. Important business issues for engineers (in general) include project management skills (Eggert 2002 , Lauche 2003 , CCPE 2001a , Lahidji 2000 , customer awareness (Santiago 2001) , knowledge of basic issues in business finance including cost of money, corporate ownership structures and liabilities (McCowan 2002 , Eggert 2002 , Wisler 2003 , CCPE 2001a , basic economic principles (Lahidji 2000) , risk analysis and budgeting (Frise 2002) , social skills applicable to a multicultural business environment (Wisler 2003 , Lahidji 2000 , understanding of corporate culture and the global nature of business (Frise 2002 , Wisler 2003 , Dempster 2001 , Sekiguchi 2001 , and appreciation for intellectual property (Wisler 2003) .
Communications Skills
Employers expect young engineers to able to draft comprehensible, compelling reports (Eggert 2002) , express themselves verbally (Frise 2002 , Davis 1996 , Eggert 2002 , listen effectively, and be able to "sell" concepts, products and themselves to the technically savvy as well as to laypeople (Davis 1996) . Teamwork Skills Every comprehensive list of engineering competencies includes the ability to work effectively in teams. Typically, teamwork skills receive highest priority among the design engineering competency (Frise 2002 , Eggert 2002 ). Yet, despite the importance of teamwork and other social skills, they are not assessed systematically in the process of educating design engineers (Lauche 2003 , Cowdroy 2002 . Lauche (2003) has surveyed several important communications and project management skills for the design process including negotiation with clients, problem solving, acceptance of responsibility, interpersonal skills, planning, exchanging information, coordinating activities, assessing capabilities of others, workload management, team building and collaboration.
Incorporating the Engineering Design Competency in the Curricula of All Engineering Disciplines
This section provides perspectives on design competency as they relate to the broad context of the practice of engineering. They should know where to look to find standard specifications for a bolt or a pipe, and should customize only when necessary. Engineers should be aware of which standards are applicable to their work, and aware of testing and certification processes. The success and the growth of the ISO 9000 series in quality management and the ISO 14000 series in environmental management means student exposure to these standards is important within the engineering curriculum.
Intellectual Property: Many design engineers will create new intellectual property (IP) over the course of their career, and will use existing intellectual property in the development of solutions. Engineering graduates should be aware of the various forms of intellectual property (patents, trademarks, copyright, and industrial designs). Most universities have an Intellectual Property office that can be an important resource in support of the curriculum. Technologies: All graduating engineers must have awareness and some technical understanding of a broad range of technologies beyond the technologies of their engineering discipline. This breadth of awareness is necessary to support the development of creative solutions, understanding engineering systems and components, working in cross-disciplinary teams and ultimately leading larger engineering projects. 
Specific knowledge in a professional environment
To know the technologies, the rules, the standards, the culture, etc.
Technologies, standards, regulations, safety, liability, intellectual property, ethic, role in the society
Knowledge of procedures
To know the procedures, the methods, the processes, etc.
Product development process, engineering design process, engineering design tools (market research, functional analysis, QFD, design for cost and cost estimation, etc.)
Operational skills
To know how to use methods, procedures, technologies, etc.
To have executed and practiced the design process
Experiential skills
To know how to use tacit knowledge Design by similarity, design by experience, etc.
To know how to listen, to cooperate, to work in team, etc.
Teamwork, communications, leadership, negotiation, professionalism Initiative, thorough, curious, etc.
Initiative, thorough, curious, practical, humble, responsible, adaptable, confident, awareness, respectable, entrepreneurialism
Social/ Personal skills
To manage life (personal and professional), To feel (intuition, perception, etc.) Self-awareness, managing emotions, motivating oneself, empathy and handling relationships
Cognitive skills
To solve problem, to design, to manage a project, to take decisions, etc.
To know your limitations, to create, to look at the big picture, to manage projects (including the system engineering perspective), to decide (decision-making), to learn how to learn, to manage information and knowledge, to define a problem, to define potential solutions, to learn from past experiences, to manage resources, to take and manage risk
Knowledge of Procedures
Knowledge of the design process and an awareness of the various design tools are the starting points for a design competent engineer.
Design Process
Knowledge of the design process should encompass how the transition is made from an idea, a vision or a problem through to the technical specifications of the product, process, or solution. Final implementation of the solution is the conclusive step in the design process. The Design Process is described in varying detail through numerous references including Dieter 2004 , Voland 2004 , Ullman 1997 , and Ertas 1996 . Engineers should be well versed in the terminology associated with the design process. Conceptual design, feasibility study, preliminary design, final design, detailed design, concurrent design and embodiment design are all terms used to describe portions of the design process. Additional knowledge includes where R&D, testing, prototypes and pilot scale activities fit into the process. Knowledge encompasses recognition that the process is usually iterative.
Design tools
Design tools to support the design process come in many forms depending on the stage of the process and on the nature of the design problem. The tools include people as sources for problem definition and data gathering. Libraries (as a title encompassing all information sources) are primary tools in the early information gathering stage. Knowledge of this tool must include awareness of the various types of sources (textbooks, journal literature, patents, gray literature, the web, standards, codes, regulations, and people) and the recognition that all sources are important. Engineering drawings are essential tools for the process. Sketches, generated by pencil and paper, are the most frequent start to the process. Sophisticated Computer-Aided Drawing software has become integral to the process as a design matures. Knowledge means that the engineer is aware of the role of both ends of this spectrum. Engineering calculations are key tools in the design process. Back of the envelope approximations will parallel the sketch drawing stage. Sophisticated Computer-Aided Engineering software, capturing the 3D and transient complexity of a system, are increasingly playing a role in preliminary and detailed design work. Again, knowledge means that the engineer is aware of the existence and capabilities of these tools.
Performance Assessment against Criteria and Constraints
Problem definition usually identifies appropriate constraints (the musts) and desired criteria (the wishes). The constraints must each be achieved. The criteria are dealt with in a collective balancing act. Quantifying each of the identified factors eases the subsequent decision making stage. Cost is always a factor in engineering design and cost estimation has become an important field on its own. Cost estimation is necessary at various stages of the design process. Cost estimating relies on experience and thus depends on empirical relations. The chemical engineering field has well developed empirical relations to support cost estimating (Peters 2003) . SAE provides a structured format for cost estimating for the student Formula SAE competition (Bowman 2000) . This format could be effectively used within engineering curriculum. Environmental performance is another important factor. Life cycle analysis is a growing capability and should be an element of all engineer's knowledge base. The literature on engineering design and the practice of engineering design has introduced the use the terms: "Design for Cost", "Design for Reliability", "Design for the Environment", and others (Poli 2001 , Dhillon 1999 , Corbett 1991 , Rouse 1991 , USEPA 2004 , NRC 2004a . These collectively are increasingly referred to as "Design for X" (see DFX terminology by Migliore 2004) . The introduction of these concepts represents an effort to focus design attention on one particular criterion. They imply that design attention for "X" has been lacking. The aspect that so many "X's" have been used reflects the design challenge of simultaneously optimizing numerous criteria.
Decision making
Decisions are an integral part of the design process. Many formal decisions and many more informal ones are made throughout the process. Formal decisions are often at the conclusion of conceptual, preliminary and final design stages as part of recommending the next step and seeking budgetary approval to proceed to the next stage. Procedures have been developed to formalize this decision making process as part of fostering objectivity. Objectivity is important in all settings but it is particularly important in the public sector. The decision-matrix method is one common formalized approach that is a relatively simple to execute (Ullman 1997). However, it is important for students and engineers to recognize that subjectivity quickly becomes a part of the decisionmatrix approach through selection of criteria weightings and scoring rules.
Informal decisions are made nearly continuously in the design process. Everything from assumptions made in a detailed calculation to what options to pursue following a brainstorming exercise. The challenge is to make these choices consciously and as objectively as possible with getting bogged down in "too much analysis leads to paralysis". Decision making by consensus is an important skill to be developed by effective teams. "It takes time, energy and skill to reach consensus but consensus decisions have a greater likelihood of being implemented by the team" (Levi 2001 ).
Conclusions
The essence of profession engineering is captured in the definition of design competency. This definition is complex and profound, yet also a living entity that evolves alongside professional practice. Design competency can provide the necessary foundation for ongoing renewal of the undergraduate curriculum in engineering. To implement design competency in current and future engineering programs, a number of issues and challenges must be addressed which may touch the very foundation of university traditions and operations. New thinking towards engineering education, the academic system, and research and innovation may be needed to effectively evolve Canadian engineering education to a new model that will produce engineering graduates who are design-ready innovators and lifelong continuous learners with the required engineering competency.
